Rhus verniciflua Stokes (RVS) has been used as a traditional herbal medicine. Several earlier studies indicated that an ethanol extract of RVS has both antioxidant and anti-tumor properties, although the mechanism for the activity remains to be elucidated. In this report, we prepared a highly purified ethanol extract from RVS, named REEE-1 (Rhus ethanol eluted extract-1), and investigated the mechanism involved in its growthinhibitory effect on the human B and T lymphoma cell lines, BJAB and Jurkat, respectively. Results from tritium uptake proliferation assays showed that the proliferative capacities of both BJAB and Jurkat cells were strongly suppressed in the presence of REEE-1. This was further confirmed through trypan blue exclusion experiments that revealed a dose-dependent decrease in viable cell numbers after REEE-1 treatment. REEE-1-mediated suppression of cell growth was verified to be apoptotic, based on the increase in DNA fragmentation, low fluorescence intensity in nuclei after propidium iodide staining, and the appearance of DNA laddering. In particular, REEE-1 exerted its anti-oxidant activity through the inhibition of hydroxyl radical-mediated degradation by iron ion chelation rather than direct scavenging of hydroxyl radicals. Furthermore, REEE-1 was revealed to be a potential scavenger of superoxide anions. Collectively, our findings suggest that REEE-1 is a natural anti-oxidant that could be used as a cancer chemo-preventive and therapeutic agent.
Introduction
In recent years, there has been a global trend toward the use of natural substances present in fruits, vegetables, and herbs as anti-oxidants and functional foods (Farr, 1997; Wang et al., 1997; Lee et al., 1999b; Kitts et al., 2000; Lee and Lim, 2001 ). In addition, several of these substances are believed to have potential value as cancer chemopreventive or therapeutic agents in vivo. Some vitamins and their derivatives have important biological roles related to cancer prevention and free radical scavenging (van Poppel and van den Berg, 1997) , and some phytochemicals, such as taxol (Mukherjee et al., 2001) , oncovin (Christou et al., 2001) , and captothecin (Pezutto, 1997) , are currently used in cancer treatment. Most of these bioactive substances exert their cancer chemotherapeutic activity by blocking cell cycle progression and triggering apoptotic cell death. Therefore, induction of apoptosis in tumor cells has become an indicator of the tumortreating ability of naturally derived bioactive substances (Smets, 1994; Paschka et al., 1998) .
Rhus verniciflua Stokes (RVS) has traditionally been used in Korean herbal medicine (Jung, 1998; Hong et al., 1999) . Recently, various RVS biological activities have been reported by a number of investigators. For example, an ethanol extract from RVS was found to have an anti-oxidant effect against hydroxyl radicals and anti-proliferative activity in human cancer cell lines (Lee et al., 1999a; Lim et al., 2000) . In a previous report, we prepared a highly purified ethanol extract from RVS, named REEE-1, and demonstrated its potential activity in scavenging hydroxyl radicals (Lee et al., 2001a) . Since it has been suggested that there is a very close relationship between anti-oxidant and anti-tumor activities, we assumed that REEE-1 had potential value as an anti-tumor promoting agent. Consequently, in this study we tried to confirm the assumption by evaluating the growth inhibitory effect of the REEE-1 on human lymphoma cells, BJAB, and Jurkat cells, and elucidating the mechanism(s) involved in the action of REEE-1. In addition, we further defined the antioxidant properties of REEE-1 via a cell-free radical generation system.
Materials and Methods
Chemicals Unless otherwise specified, chemicals and plastics used in this study were purchased from Sigma Chemical Co. (St. Louis, USA) and Falcon Labware (Becton-Dickinson, Franklin Lakes, USA), respectively. C for 1 h. The cells were rehydrated with PBS and incubated in TdT buffer containing 30 mM Tris-HCl (pH 7.2), 140 mM sodium cacodylate, 1 mM CoCl 2 , 0.05 mg/ml BSA, 0.1 mM DTT, 7.5 U/ml TdT, and 0.4 nM/ml FITC-5-dUTP. After a 30-min incubation at 37 o C, reaction and non-specific binding were blocked by adding the buffer containing 300 mM sodium chloride, 30 mM sodium citrate, and 2% bovine serum albumin. Finally, cells were washed with PBS and observed under a fluorescence microscope (Axioskop 2, Carl Zeiss, Oberkochen, Germany).
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For flow cytometric analysis, the suspension (2 × 10 6 cells) of REEE-1-treated cells was fixed overnight at 4 o C with 80% ethanol and then incubated overnight at 4 o C with 1 ml of propidium iodide (PI) staining mixture (250 µl of PBS, 250 µl of 1 mg/ml RNase in 1.12% sodium citrate, and 500 µl of 50 µg/ml PI in 1.12% sodium citrate). After the staining, 1 × 10 4 cells were analyzed with FACS Vantage  system (Becton Dickinson, San Jose, USA). For the DNA fragmentation assay, lymphoma cells were incubated with lysis buffer (1% NP-40 and 1% SDS in 50-mM Tris-HCl, pH 8.0) for 1 h at 65 o C. DNA was extracted with phenol/ chloroform/isoamyl alcohol and the degree of fragmentation was analyzed using 2% agarose gel electrophoresis followed by ethidium bromide staining.
Measurement of antioxidant activity
We measured the scavenging activity of REEE-1 against hydroxyl radicals (
• OH) and superoxide anions (O 2 •− ) using two different assays such as deoxyribose and NBT assays. Initially, deoxyribose assay to determine the rate constant for the reactions between either antioxidants and hydroxyl radicals (referred as non-site-specific scavenging assay) or anti-oxidants and iron ions (referred as sitespecific scavenging assay) was conducted as described by Halliwell et al. (1987) . For non-site-specific scavenging assay, varied concentrations of REEE-1 were mixed with 1 ml reaction buffer (100 µ0 )H&O µ0
.UHIHOG*HUPDQ\ Site-specific scavenging activity, which represents the ability of REEE-1 to chelate iron ions and interfere with hydroxyl radical generation, was measured using the same reaction buffer without EDTA. In addition, the ability of REEE-1 to reduce Fe 3+ -EDTA complex to Fe 2+ -EDTA complex, acting as pro-oxidant, was tested using the non-site-specific scavenging assay mixture without the addition of ascorbic acid. Solutions of FeCl 3 and ascorbate were made up in distilled water immediately before use.
6FDYHQJLQJ DFWLYLW\ RQ VXSHUR[LGH UDGLFDO ZDV DFFHVVHG E\ WKH PHWKRG GHVFULEHG E\ *RWRK DQG 1LNL ZLWK D VOLJKW PRGLILFDWLRQ %ULHIO\ GLIIHUHQW FRQFHQWUDWLRQV RI 5((( ZHUH
DGGHGWRWKHUHDFWLRQVROXWLRQFRQWDLQLQJ µORIP0('7$ S+ µORIP0K\SR[DQWKLQHLQ P01D2+DQG µORIP0QLWUREOXHWHWUD]ROLXP1%7$IWHUSUHLQFXEDWLRQ DWURRPWHPSHUDWXUHIRU PLQ µORI 8PO[DQWKLQHR[LGDVH ZDVDGGHGWRWKHPL[WXUHDQGWKHYROXPHZDVEURXJKWXSWR PO ZLWK P0 SKRVSKDWH EXIIHU S+ $IWHU LQFXEDWLRQ DW URRP WHPSHUDWXUHIRU PLQDEVRUEDQFHZDVPHDVXUHGDWQP7KH LQKLELWRU\HIIHFWVRI5(((RQHLWKHUDFWLYLW\RIK\GUR[\OUDGLFDOV RU VXSHUR[LGH UDGLFDOV ZHUH FDOFXODWHG DV IROORZV LQKLELWLRQ FRQWURO >2' FRQWURO − 2' VDPSOH 2' FRQWURO @ ×
Statistical analysis
All the results were expressed as the mean ± standard error (SE). An one-way ANOVA using SPSS v 10.0 software was used to make a statistical comparison among the groups and a value of P<0.05 was considered as significant. 
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Anti-oxidant properties of REEE-1
We identified the mechanisms involved in REEE-1-mediated anti-oxidant activity, and determined whether REEE-1 decreased hydroxyl radical generation by chelating metal ions or by directly scavenging hydroxyl radicals. The effect of REEE-1 on hydroxyl radicals generated by Fe 3+ ions was measured by determining the degree of deoxyribose degradation, an indicator of thiobarbituric acid-malonaldehyde (TBA-MDA) adduct formation. As shown in Fig. 6 , concentrationdependent inhibition of hydroxyl radical-induced deoxyribose degradation was observed in both site-specific and non-sitespecific assays. However, significantly greater anti-oxidant activity was observed in the site-specific assay than in the non-site-specific assay when the same concentration of REEE-1 was used. This result implies that REEE-1 chelates In contrast, when the ability of REEE-1 to reduce the Fe 3+ -EDTA complex was tested to examine its pro-oxidant activity, there was weak pro-oxidant activity at low concentrations in the absence of ascorbic acid (Table 1) , but not in the absence of both ascorbic acid and EDTA (data not shown). As shown in the table, however, the pro-oxidant effect was not observed when 1 mg/ml of REEE-1 was used.
Next, we tested the anti-oxidant effect of REEE-1 on superoxide anions by monitoring the reduction of NBT induced by superoxide anions produced by the xanthine oxidase-mediated degradation of hypoxanthine. REEE-1 inhibited NBT reduction very efficiently (Fig. 7) . Superoxide anion production was inhibited by 32.3% when 0.1 mg/ml of REEE-1 was added to the reaction solution. However, when 1 mg/ml of REEE-1 was added, almost complete inhibition (around 90%) of superoxide anions was seen. Considering the results of the deoxyribose assay, these data indicate that REEE-1 is more active in scavenging superoxide anions than hydroxyl radicals under the conditions reported here.
Discussion
The main goal of this study was to investigate the effect of REEE-1 on cell proliferation and apoptosis induction in Fig7 7. Inhibitory effect of REEE-1 on NBT reduction./ The inhibitory effect of REEE-1 was tested by monitoring NBT reduction caused by superoxide anions using the hypoxanthinexanthine oxidase system as described in Materials and Methods. The results are expressed as the mean ± 6( RI WULSOLFDWH H[SHULPHQWV human lymphoma cell lines. Initially, we showed that REEE-1 treatment induced active inhibition of DNA synthesis in cultured lymphoma cells (Fig. 1 ). This result is in agreement with a previous study showing that an ethanol extract of RVS strongly inhibited proliferation in tumor cells (Lee et al., 1999a) . In addition, since cell numbers to exclude trypan blue staining decreased with increased treatment time or treatment dose (Fig. 2) , we believe that the REEE-1-mediated inhibition of DNA synthesis may be exerted through a cytotoxic effect, rather than a cytostatic effect. We subsequently investigated whether the cytotoxic effect is mediated via an apoptotic mechanism. As evidenced by the increase in positively stained cells in the TUNEL assay (Fig. 3) , the presence of many cells with low-level PI fluorescence (Fig. 4) , and the characteristic fragmentation of nucleic DNA (Fig. 5) , it appeared that apoptosis was the main mechanism for cell death induced by the presence of REEE-1.
Since it has been suggested that apoptosis plays a critical role in tissue homeostasis and cancer development, apoptosis modulation has become an interesting target for both therapeutic and preventive approaches to cancer treatment (Ahmad et al., 1997) . Although the exact intracellular mechanisms of REEE-1-mediated apoptosis of lymphoma cells were not clearly elucidated in the present study, other reports suggest that many naturally occurring substances might regulate the activity of intracellular kinases and/or the balance between intracellular redox states, thereby arresting cell growth and inducing apoptotic cell death in several carcinoma cell lines. For example, some phytochemicals, such as flavonoids and vitamins, are specific inhibitors of protein kinase C (Gamet-Payrastre et al., 1999) or protein tyrosine kinase (Yang et al., 1998) , and are potential inducers of apoptosis in tumor cells (van Poppel and van den Berg, 1997; Paschka et al., 1998) . More importantly, our previous report suggested that REEE-1 may scavenge free radicals and stimulate a toxic signaling pathway, such as the fas pathway (Lee et al., 2001) . Therefore, we believe that REEE-1 induces apoptotic cell death in human lymphoma cells through the modulation of a redox-related signaling factor and that the modulation is also associated with REEE-1 anti-oxidant properties. However, the in vitro mechanism(s) by which REEE-1 induces apoptosis of the cells, and the in vivo REEE-1 anti-tumor properties remain to be determined.
In addition, relatively greater inhibition against hydroxyl radical-mediated deoxyribose degradation was observed in the site-specific assay than in the non-site-specific assay (Fig. 6 ). This result suggests that REEE-1 inhibits deoxyribose degradation by chelating iron ions rather than by scavenging hydroxyl radicals directly. Further, the ability of REEE-1 to reduce the Fe 3+ -EDTA complex, which represents its ability to stimulate hydroxyl radical generation (Aruoma et al., 1997) , was not observed when high concentrations of REEE-1 were added (Table 1) . This indicates that the pro-oxidant activity of REEE-1 was readily overwhelmed by the anti-oxidant potential of the extract. Furthermore, since superoxide anions produce other kinds of cell-damaging free radicals and oxidizing agents (Liu and Ng, 2000) , the potential scavenging of superoxide anions by REEE-1 (Fig. 7 ) strongly suggests that REEE-1 could be used as an efficient natural anti-oxidant. Collectively, these results suggest that the active inhibition of cell growth and the induction of apoptosis by REEE-1 are associated with its anti-oxidant potential.
In this study, we demonstrated that REEE-1 inhibits the proliferation of human lymphoma cells and induces cell death by apoptosis. Moreover, the extract exhibited potential free radical scavenging activity and iron ion chelating activity, which could eliminate oxidative stress generated by free radicals whose removal is beyond the capacity of a biological system. Therefore, we speculate that REEE-1 could be used as a cancer chemopreventive and therapeutic agent. We are currently studying the intracellular mechanisms of the induction of apoptosis by REEE-1 and are characterizing its active ingredients.
